Semiconductor microcavities offer unique systems in which to investigate the physics of weakly interacting bosons. Their elementary excitations, polaritons-mixtures of excitons and photons-can accumulate in macroscopically degenerate states to form various types of condensate in a wide range of experimental configurations, under either incoherent 1,2 or coherent 3, 4 excitation. Condensates of polaritons have been put forward as candidates for superfluidity 5, 6 , and the formation of vortices 7 as well as elementary excitations with linear dispersion 8 are actively sought as evidence to support this. Here, using a coherent excitation triggered by a short optical pulse, we have created and set in motion a macroscopically degenerate state of polaritons that can be made to collide with a variety of defects present in the microcavity. Our experiments show striking manifestations of a coherent light-matter packet, travelling at high speed (of the order of one per cent of the speed of light) and displaying collective dynamics consistent with superfluidity, although one of a highly unusual character as it involves an out-of-equilibrium dissipative system. Our main results are the observation of a linear polariton dispersion accompanied by diffusionless motion; flow without resistance when crossing an obstacle; suppression of Rayleigh scattering; and splitting into two fluids when the size of the obstacle is comparable to the size of the wave packet. This work opens the way to the investigation of new phenomenology of out-of-equilibrium condensates.
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Below a critical temperature, bosons of a sufficiently high number density undergo Bose-Einstein condensation (BEC). Under this condition, the particles collapse into a macroscopic condensate with a common phase, showing collective quantum behaviour like superfluidity, quantised vortices, interference, and so on. Until recently, BEC was only observed in dilute atomic gases at microkelvin temperatures. Following the recent observations of non-equilibrium BEC in semiconductor microcavities at temperatures of ,10 K, using momentum-1 and real-space 2 trapping, the goal is now to observe new quantum phenomena associated with condensates of polaritons. For the same reasons that these particles benefit from having features especially favourable for condensation, such as very high critical temperatures, it is expected that their superfluid properties would similarly be manifest with altogether different magnitudes, such as very high critical velocities. Because in their Bose-condensed phase they have shown many deviations from the cold-atom systems, it is a priori not clear to what extent their properties would coincide with or depart from those observed in atoms, among which quantized vortices 9 , frictionless motion 10 , linear dispersion of the elementary excitations 11 or, more recently, Č erenkov emission of a condensate flowing at supersonic velocities 12 are the clearest signatures of quantum fluid propagation.
Microcavity polaritons are two-dimensional bosons, of mixed electronic and photonic nature, formed by the strong coupling of excitons-confined in semiconductor quantum wells-with photons trapped in a micrometre-scale resonant cavity 13 . Owing to their photon fractions, polaritons can easily be excited by an external laser source and detected by light emission. However, unlike photons, they experience strong interparticle interactions, owing to their partially electronic fractions. The deep polariton dispersion causes the effective masses of these particles to be 10 4 -10 5 times smaller than the free electron mass, resulting in a very low density of states. This allows for a high state occupancy even at relatively low excitation intensities. However, polaritons can exist for only a few picoseconds in the cavity before decaying into photons and thermal equilibrium is therefore never achieved. In this respect, a macroscopically degenerate state of polaritons departs strongly from an atomic Bose-condensed phase, especially in our experiment, where the condensate is formed from a coherent excitation. The experimental observations of spectral and momentum narrowing, spatial coherence and long-range order-which have been used as evidence for polariton BEC-have also been seen in a pure photonic laser 14 . The recent observation of long-range spatial coherence 15 , vortices 7 and the loss of coherence with increasing density in the condensed phase 16, 17 are in accordance with macroscopic phenomena observed in interacting, coherent bosons. However, a study of the fluid dynamics of coherent states of this kind is still missing.
In this work, using a combination of temporally and spatially resolved spectroscopic techniques in a GaAs microcavity 18 , we are able to probe directly the dynamics of the motion of a condensed droplet of polaritons by tracking its space-time evolution. We report a shapepreserving, non-diffusive propagation of matter, dressed by the light field, moving at a speed of the order of 10 6 m s
21
. Collisions with obstacles of different sizes provide further insights into the dynamics of this system: the collective behaviour shown here is expected from a condensate of polaritons, as suggested by our theoretical analysis in terms of a nonlinear Schrödinger equation. Our findings are a class of new phenomena that, like some previously observed 7, 8 , are consistent with superfluidity and nonlinear optical effects 19 . However, our work, which probes the dynamics of a condensate, adds insight into the extent to which the polariton condensate exhibits superfluid-like properties.
Our experiments are based on the continuous replenishment of a polariton fluid, at energy E S and momentum Bk S , from a higher-lying state, at E P and Bk P , driven coherently by a continuous-wave laser and set in motion by a short trigger pulse (2 ps) at the idler state, E I and Bk I , in a configuration of a triggered optical parametric oscillator (TOPO; see Fig. 1 and Supplementary Information) 20 . This experimental arrangement allows the study of the propagation of the signal polaritons, which can have any, specifically selected, in-plane momentum Bk given by the phase matching conditions shown in the caption of Fig. 1 . Owing to the polariton light emission, we are able to probe continuously and in real time features such as the motion of the droplet and its dispersion.
The experimental dispersions of the light emitted by the polaritons in different regimes are depicted in Fig. 2a . The false-colour graph in the upper panel shows the emission of the polariton fluid generated by the TOPO, after the trigger pulse has disappeared; in the lower panel this is compared with the standard parabolic dispersion of the photoluminescence obtained under non-resonant, low-power excitation. The most striking feature, under TOPO conditions, is the clear linearization of the dispersion around the signal state. This dispersion arises from the nonlinear response as a manifestation of dominant interactions that strongly dress the states, and resembles the Bogoliubov dispersion for elementary excitations of a superfluid. In the latter case, linearization leads to suppression of weak scattering and therefore to motion without dissipation. In our case, the dispersion reflects the dynamics of the whole system, rather than that of its excitations only. Figure 2a also shows that, for the TOPO, polaritons are blueshifted (DE 5 0.6 meV at k ; jkj 5 0), owing to polariton-polariton interactions, and that the intensity peaks strongly at k S 5 0.6 mm
, which is determined by the phase-matching conditions (2k P 5 k S 1 k I ).
Our system involves macroscopically degenerate states of bosons coupled through exciton-exciton interactions. It can therefore be described theoretically using a nonlinear Schrödinger equation for the polariton wavefunction, y(x, t), in the presence of a continuous pump, F P , and a pulse, F I , that are incident on the microcavity with respective momenta Bk P and Bk I , have frequencies v P and v I , and are localized in Gaussian spots located at x P and x I , with spatial extensions s P and s I . The pulse hits the microcavity at time t I with a Gaussian profile of root-mean-square duration s t . The Schrödinger equation is thus
where the operator D is the free-propagation energy of the particles; in our case, it provides the dispersion relation specific to polariton branches. The lower branch gives rise to the OPO (F I 5 0) or TOPO (F I ? 0) physics of phase-matched scattering. The two last terms are responsible for maintaining the system out of equilibrium against the decay rate c. The inclusion of these terms is a crucial difference between our case and the usual case of atomic condensates. Figure 2b shows the calculated dispersion in TOPO conditions, which reproduces both the linearization induced by the interactions and a strong signal-idler emission that proves the triggering of OPO scattering. In Fig. 3 , real-space images of the signal polaritons are shown along with their counterparts in momentum space. The images show that the polariton droplet undergoes unperturbed motion without diffusion in either the x or the y direction, proving that the dispersion around the signal state has lost its locally parabolic character. At the same time, the packet also conserves a well-defined momentum during the propagation time (Fig 3b) . This confirms that the polariton signal has a linearized dispersion, as predicted theoretically and observed experimentally (see Fig. 2 ). By contrast, at low pump powers (without linearization of the dispersion), we observe the very fast appearance of the Rayleigh scattering circle in reciprocal space 6 and the absence of collective motion in real space (Supplementary
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1.532 Videos 1, 2). This observation demonstrates the suppression of scattering as we cross the threshold into the coherent regime.
This propagation is reproduced by our numerical simulation, as seen in Fig. 4a , where a snapshot of the signal is shown at regular intervals of times. To observe the motion of the signal, we take advantage of its separation in energy from both the idler and the pump by filtering the emission in a window of energy, as done in the experiments. Clear propagation within the excitation spot is sustained from the time the pulse triggers the OPO (,2 ps), until the time the signal reaches the edge of the excitation spot. It has a constant speed of (0.95 6 0.1) 3 10 6 m s
, in agreement with that obtained experimentally ((1.2 6 0.3) 3 10 6 m s
). In Fig. 4b , the spread of the polariton wave packet is plotted as a function of time both from the experimental data and according to calculations based on a parabolic or linear dispersion. The calculation shows that, without the linearization due to interactions, the wave packet would expand more than twice as much during the same time of flight. Moreover, the agreement with the experiments using equation (1) implies that polariton interactions are responsible for the linearization of the signal state.
The excitations of the polariton fluids created with a TOPO can be studied by observing their collisions with structural defects, which are naturally present in the sample. Figure 5a shows images obtained in the near field of a polariton fluid colliding with a defect occurring in the middle of its trajectory. In the course of its propagation, the signal shows unambiguous signs of passing through a defect. However, it clearly maintains its cohesion in this process. This is most strikingly observed in momentum space (Fig. 5b) , where the signal is left completely unaltered until the very end of the trajectory, when the single-state occupancy starts spreading as the signal dies by moving off the edge of the pump laser region.
We note that the images reflect the addition of two different contributions: that of the pump polaritons (extended in an area of ,8 3 10 3 mm 2 ) and that of the signal polaritons themselves, which, being constantly fed by the pump, reflect its density fluctuations. Figure 1c illustrates how these two contributions are detected at the signal polariton energy. The fringes observed around the defect appear as a result of the local change in density of the pump polaritons, which is reflected in the spatial structure of the signal.
The pump polaritons are injected in a coherent state, at high energy, density and momenta and with a group velocity greater than the speed of sound, v s 5 3 3 10 6 m s 21 (estimated from the blueshift LETTERS of the polariton dispersion), giving rise, in the presence of a defect, to characteristic quantum interferences resembling Č erenkov waves, which are observed through the emission of the signal polaritons. Similar shock waves have been reported recently for an atomic BEC flowing against a potential barrier at Mach numbers greater than one 12 . It is important to note that the visibility of these waves does not imply that the signal polaritons are also in the 'Č erenkov regime'. By contrast, for the signal polaritons (which are at lower energy and momentum), the group velocity (0.9 3 10 6 m s 21 ) is less than v s , and the signal polariton droplet can thus be expected to behave as a superfluid: excitations in the droplet are inhibited while it passes through the obstacle.
In Fig. 5c, d , a more striking collision is observed: one in which the size of the defect is comparable to that of the polariton packet. The finite-size travelling polariton fluid scatters coherently and elastically on the potential and is split in two after the collision. We note that the process is dissipationless. A normal polariton fluid 21, 22 would diffuse both in real and reciprocal space in this configuration. Our macroscopically degenerate droplet, the dispersion of which has been linearized, instead follows coherent and diffusionless trajectories, as borne out by our experiments and clearly shown in the real-space images of Fig. 5c , albeit with two new momenta (see Fig. 5d ). The linear dispersion is the key element of this coherent propagation, as any scattered particle from the wave packet remains in phase with the others and at the same group velocity, precluding diffusion both in real and in reciprocal space. We again note that this concerns the wave packet itself, not only its excitations, as is the case in the Landau picture of helium superfluidity. The system exhibits the dynamics of a condensate, but many new features arise from the specific properties of polaritons. Until now, theoretical analysis of the scattering has only been made in the perturbative regime 6, 23 , with regard to the elementary excitations of the polariton condensate.
Our findings call for further work, both experimental and theoretical, to reveal other properties of this unusual state of matter: a coherent, macroscopically occupied Bose fluid propagating at ultrahigh speed. We have demonstrated that semiconductor microcavities are ideal candidates to study exotic bosonic phenomena. Although the physics associated with condensed phases of polaritons presents both fundamental and subtle deviations from the atomic case, these may prove to be assets in their future study. For instance, in a dissipative system, particle number conservation is lifted and a welldefined phase can be externally imprinted onto polaritons, allowing the investigation of symmetry-breaking mechanisms.
METHODS SUMMARY
Time-and space-resolved emission is obtained at 5 K under simultaneous continuous-wave and pulsed laser excitation. The polariton fluid, at energy E S and momentum k S , is continuously replenished from a higher-lying state, at E P and k P , by the continuous-wave laser and set in motion by a short trigger pulse (2 ps) at the idler state, E I and k I , in a configuration of a TOPO (Fig. 1) . Typically, the pump injects a coherent polariton state into the lower polariton branch at an angle of 10u relative to the normal to the cavity plane; the pulse arrives at time t 5 0 in resonance with the branch at 16u, triggering the OPO and generating a polariton signal with a finite momentum at 4u. Images of the near and far fields of a GaAs-based microcavity are projected on to the entrance slit of a 0.5-m imaging spectrometer attached to a streak camera, thus allowing for simultaneous collection of two-dimensional, time-resolved images at a given energy. To avoid problems caused by detection at the pulsed laser energy, which would bleach the streak camera, the pulsed laser is made resonant with the idler rather than with t = 50 ps t = 36 ps t = 13 ps t = 8 ps a, b, A small structural defect in the sample is encountered in the trajectory of the polariton condensate moving at a velocity of 0.9 3 10 6 m s 21 . Colour scale is as in Fig. 2 . The position of the obstacle is revealed, in real space (a), by Č erenkov waves caused by the pump polaritons, which are travelling at a supersonic speed. However, the signal polaritons pass through the defect in a superfluid fashion without changing direction or scattering against the obstacle (clearer evidence of this phenomenon can be observed in Supplementary Video 6). This fact is confirmed by the images taken at the same times in momentum space (b). It is clear that the momentum vector does not change significantly when the condensate crosses the obstacle (Supplementary Video 7) . c, d, The polariton fluid encounters a defect of a size comparable to its own: the condensed state fully experiences the defect potential, which strongly perturbs the trajectory in real space (c) showing the appearance of two independent polariton states with different momentum vectors (d); see also Supplementary Videos 8 and 9.
the signal state of the triggered OPO. Furthermore, to retain only the light emission from the TOPO signal, the OPO-only emission coming from the pump field, contributing at k 5 0, is subtracted from all the images.
To solve the nonlinear Schrödinger equation, equation (1) is integrated numerically, first in the absence of the pulse (F I 5 0), until a steady state is reached for jy(x, t)j
2
. We obtain the energy/momentum-density plot of the system by Fourier-transforming y(x, t). At a given time, t I , we release a Gaussian pulse (F I ? 0) that triggers OPO processes. We track the new evolution of y(x, t) until the steady state is restored, and Fourier-transform again during this time. In order to compare with the experiment, we subtract the two dispersions.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
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Sample. The studied microcavity is composed of an AlAs l/2 cavity with top and bottom Bragg mirrors of 15 and, respectively, 25 Al 0.1 Ga 0.9 As/AlAs pairs, grown on a GaAs substrate. A 20-nm-thick GaAs quantum well is embedded at the antinode position of the cavity mode. When the sample is kept at a temperature of 10 K, the heavy-hole excitons of the quantum well are strongly coupled with the cavity mode, with a Rabi splitting of 4.4 meV. The wedge-shaped cavity allows for fine-tuning of the resonance between the quantum well exciton and the cavity mode by changing the position of the excitation spot on the sample. Experiments. To make polaritons flow, we have to address three important issues: the very short polariton dwell time in the cavity (,2-5 ps), which hinders detection of their dynamics; creation of polaritons in a state with a well-defined momentum; and spatial inhomogeneities produced by sample strain and/or defects. The signal polaritons, fed by the pump in resonance with the lower polariton branch, last for more than 10 29 s after the trigger pulse of 2 ps, thus allowing for the detection of the polariton flow dynamics. This approach addresses the first issue listed above: although the lifetime of a single particle of the polariton droplet remains short (a few picoseconds), the packet itself lasts hundreds of picoseconds. To reduce the effect of spatial inhomogeneities, which are present in all semiconductor microcavities 24, 25 , we keep the pump power at an intensity high enough that most of the potential fluctuations are smoothed out 26 . Scattering centres are nevertheless still present with an approximate density of 10 22 mm 22 , but, as shown in the main text, they can help to reveal the peculiar quantum nature of the polariton fluid. TOPO. A TOPO is an optical parametric amplifier (for an experimental description of a polariton OPA obtained under CW conditions, see ref. 27 ) in which the continuous-wave seed provided by an external probe at the idler state is substituted by a short pulse (2 ps), which simply initializes the system, inducing a population at the signal state. After the pulse has disappeared, the signal state is left macroscopically occupied, and the final-state stimulation of the pump polaritons to the signal polaritons carries on for hundreds of picoseconds even if the pulse is no longer present (see Supplementary Fig. 1 ). Our experimental TOPO configuration differs from the conventional realization of atomic Bose-Einstein condensates and superfluids formed spontaneously in thermal equilibrium without the action of any external driving field. In our case, owing to the lossy character of polaritons, an external coherent source must drive the system. Furthermore, the fluid has a finite spatial extension and propagates as a whole; hence, we are investigating the explicit kinematics of a droplet of BEC, rather than the indirect propagation of a defect inside an infinite-size system. The propagation of a signal whose shape remains unaltered over great distances is suggestive of a soliton surfing on the steady-state OPO; this picture correctly includes the notion of a non-perturbative excitation (triggered by the pulse). However, elements that are crucial for the stability of a soliton, such as attractive rather than repulsive interactions or the dependence on the dimensionality of the system or on the particle densities, are not present in our case, and a plethora of different shapes, widths and heights of the wave packets can also be sustained on the same dispersion. Therefore, interactions serve the main purpose of replenishing the signal rather than holding it together, and the soliton description is thus not adequate. Instead, this system provides a coherent and macroscopic population of bosons isolated in energy on a linear dispersion. Both ingredients are essential in accounting for the experimental findings.
